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Particle physics model building within the context of string theory suggests that further copies of the
Higgs boson sector may be expected. Concerns regarding tree-level flavor-changing neutral currents are
easiest to allay if little or no couplings of next generation Higgs bosons to standard model fermions are
allowed. We detail the resulting general Higgs potential and mass spectroscopy in both a standard model
extension and a supersymmetric extension. We present the important experimental constraints from
meson-meson mixing, loop-induced b! s decays, and LEP2 direct production limits. We investigate
the energy range of the valid perturbation theory of these ideas. In the supersymmetric context we present
a class of examples that marginally aids the fine-tuning problem for parameter space where the lightest
Higgs boson mass is greater than the standard model limit of 114 GeV. Finally, we study collider physics
signatures generic to next generation Higgs bosons, with special emphasis on Ah! hhZ! 4bþ 2l
signal events, and describe the capability of discovery at the Large Hadron Collider.
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I. GENERATIONS OF HIGGS BOSONS
Chiral matter comes in three generations. The simplest
hypotheses of electroweak symmetry breaking and fermion
mass generation assumes the existence of one Higgs boson
in the case of the standard model and a pair of Higgs
bosons in the case of supersymmetry. We ask here what
the consequences are of having more generations of Higgs
bosons in analogy to fermion matter content. We are not
the first to ask this question and investigate answers (see
for e.g. [1–3] to be highlighted later). Some of our dis-
cussion will be known to readers, but that is only to set the
stage for describing further material we have developed
and, in particular, detailing Large Hadron Collider (LHC)
implications for next generation Higgs boson ideas that
survive scrutiny.
The question is of increased interest of late for two
reasons. One, the LHC begins soon and enters the prime
real estate of Higgs boson phenomenology, and we should
be prepared to discover all reasonable and viable ideas.
The physical particle spectrum of the Higgs sector, if it
exists, is speculation at present. Investigating various sce-
narios that may yield phenomenology that is different from
the simplest standard model (SM) approach is needed in
order to develop more interpretive power over the data
when it comes.
A second reason to consider a next generation of Higgs
bosons is from recent developments in string phenomenol-
ogy. Some approaches to particle physics model building
from string theory suggest that further copies of Higgs
bosons may be generic among solutions. For example, in
the work of [1] a second Higgs generation is generic among
the heterotic vacua, and may even be more copious than
single generation Higgs boson theories. It is also typical in
this approach that there is a selection rule that allows only
the first generation of Higgs bosons to couple to the fer-
mions. We will review later why this aspect is very helpful
for the viability of a next generation of Higgs bosons.
Next generation Higgs bosons are motivated in other
theories as well. For example, in theories with branes at
singularities bifundamental states come from the same
quivers, and multiplicities of Higgs pairs are generic just
like multiplicities of other representations. In intersecting
D-brane theories, the chiral content is constrained by
topological intersection numbers, but the vectorlike states
can be manyfold. Usually only our self-imposed restric-
tions in seeking solutions results in one generation. In
heterotic orbifold models exotics are generic. Restrictions
to three families of fermions rarely necessarily restricts
Higgs bosons to one pair. Some approaches, such as Z3
orbifolds with twoWilson lines [2], naturally provide three
generations of Higgs bosons, for example.
Most physicists nowadays carry the vague suspicions
that additional Higgs bosons are disastrous unless intro-
duced into very restricted frameworks. They give the pho-
ton a mass, or result in unacceptable tree-level flavor-
changing neutral currents. This is to a large degree correct,
but there are interesting viable limiting cases, touched on
above, that are supported by theory model building. We set
out to elucidate some general conditions for the viability of
next generation Higgs bosons. We detail a formalism for
the analysis, including determining the mass matrices and
mixing angles in both the SM and supersymmetry. This
culminates in a study of a key process at the LHC that is
signal for next generation Higgs bosons.
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II. OVERCOMING TREE-LEVEL FLAVOR-
CHANGING NEUTRAL CURRENTS
Let us begin by considering an extra Higgs doublet
extra that is added to the SM Higgs doublet SM. The
vacuum expectation values (vev) of each are hi ¼ vSM
and hextrai ¼ vextra, subject to the condition that v2 ¼
v2SM þ v2extra ¼ ð246 GeVÞ2. We assume that both Higgs
doublets couple to the SM fermions. From these two
doublets, 3 degrees of freedom are eaten and become
longitudinal components of WL and Z0L, and 5 degrees of
freedom are left: the scalar mass eigenstates fH; hg, the
pseudoscalar A, and the charged Higgs bosons H.



























þ ﬃﬃﬃ2p Dij QiL?DjR þ ﬃﬃﬃ2p Eij LiL?EjR þ c:c:
(1)
where Ei, Ui, and Di are mass eigenstates of leptons, up-
type and down-type quarks and U;Dij are a priori arbitrary.
The definition of vev is the linear combination that con-
tains the full vev,








is the perpendicular state with no vev associated to it. In
general, there is nothing to forbid the off-diagonal ele-
ments of U;D;Eij from being Oð1Þ. This is the origin of
the tree-level flavor changing neutral currents (FCNC)
problem of extra Higgs bosons.
To estimate the experimental upper bound on the off-
diagonal elements of U;Dij let us assume that the matrices
U;D are real and symmetric. We then obtain the following
Feynman rules for the scalar and pseudoscalar mass eigen-
states (the vertex factor being i times the expressions
below):




ij þ s0U;Dij ; (4)




ij þ c0U;Dij ; (5)
A UiUj; A DiDj ¼ i5U;Dij : (6)
Here the mixing angle 0 is the one that rotates from
fvev;?g to the mass eigenstates fH; hg. The most strin-
gent constraints on U;Dij come from F
0  F0 mixing
(where F ¼ K, Bd, D, Bs). In a two-Higgs doublet model
(2HDM) with arbitrary Yukawa couplings there is a tree-
level contribution to the F0  F0 mass splitting because of
diagrams like Fig. 1(a). For 0 ¼ 0 using the expressions









































HereMF is the mass of the meson, mH, mh, and mA are the
masses of H, h, and A; fF is the pseudoscalar decay
constant, and BF is the B parameter of the vacuum inser-
tion approximation defined in [4]. We present the values of
these parameters and the experimental values for MF in
Table I.








as many approaches to flavor model building would give
rise to it. Let us now find the maximum allowed value of
U=Dij consistent with the experimental data and simulta-





we use the SM predictions from lattice QCD, MSMBd ¼
ð4:5 1:0Þ  1013 GeV [9] and MSMBs ¼ ð135 20Þ 
1013 GeV [5] and add the theoretical error in quadrature
to the experimental error. To find the upper bound on Ddb
FIG. 1. Flavor-changing neutral current contributions to B0d 
B0d mixing from (a) Higgs exchange diagrams in an arbitrary
2HDM (there are also t-channel diagrams that we have not
shown here), and (b) SM gauge contributions. Note that the
SM diagrams are one-loop whereas the competing Higgs ex-
change is tree-level. The experiment is consistent with SM
results, which implies severe constraints on the Higgs flavor-
changing neutral current couplings Fij  1.
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and Dsb we demand that the sum of the SM value and the
2HDM contribution from Eq. (7) does not exceed the
experimental value in Table I by more than 2 standard
deviations. In obtaining the upper bounds on Dds and 
U
uc
we require that just the 2HDM contribution from Eq. (7)
does not exceed the experimental value in Table I by more
than 2 standard deviations. Taking mH ¼ mh ¼ mA ¼
120 GeV we find
Dds & 1 105 Dds & 0:1; (11)
Duc & 3 105 Duc & 0:2; (12)
Ddb & 4 105 Ddb & 0:06; (13)
Dsb & 2 104 Dsb & 0:06: (14)
The upper bounds stated above have an uncertainty due to




. From Eq. (7) we can




would translate to a
10% uncertainty in the upper bound. Greater precision in
lattice estimates of the SM values is required for more
stringent constraints on U=Dij from F
0  F0 mixing.
Future measurement of branching ratios of rare B decay
modes such as Bð Bs ! þÞ at LHCb is another way
effects of the flavor-changing couplings Dbs and 
D
sb may be
discovered. Expressions for this branching ratio in the SM,
and the Higgs contribution in a 2HDM with arbitrary
Yukawa couplings, can be found in Ref. [10]. The SM
value is ð3:51 0:50Þ  109 [10] and the current
Tevatron upper bound at 95% C.L. is 5:8 108 [11].
As LHCb would reach the sensitivity to measure the SM
value [12], we can estimate the kind of upper bounds
LHCb experiments would put on Dbs and 
D
sb by demand-
ing that the Higgs contribution to this braching ratio is less
than the SM value. Assuming again that Dbs and 
D
sb are












Although this limit from Tevatron and future sensitivity
expectations at LHCb do not appear to be as powerful as
meson-meson mixing constraints, the uncertainty in what
E might be in the presence of next generation Higgs
bosons suggests that it should stay under consideration. For
a more thorough discussion of B0s  B0s mixing constraints
and the processes Bs ! þ, Bd ! Kþ see
Ref. [10]. For a discussion on the constraints on the diago-
nal couplings Fii see Ref. [13].
We have seen above that the off-diagonal couplings Fij
are required to be extremely small in order to satisfy FCNC
constraints. There is a general class of solutions to this
problem [14] while admitting the existence of extra Higgs
bosons in the spectrum. Tree-level FCNCs do not arise if
Higgs boson interactions with the fermions take the form
Lf ¼ yDij Q0iLFdðfkgÞD0jR þ yUij Q0iLFuðfkgÞU0jR
þ yEij L0iLFeðfkgÞE0jR þ c:c: (17)
where all the quark fields are gauge eigenstates.
Fu;d;eðfkgÞ are functions of Higgs fields fkg, constrained
only by the requirements that they are independent of the
fermionic flavor indices i, j and that Fu transforms like an
SUð2ÞL doublet with hypercharge 1=2, and Fd and Fe
transform like SUð2ÞL doublets with hypercharge 1=2.
The generalized form of Eq. (17) subsumes many ideas
already present in the literature. For example, the SM
Higgs sector is Fu ¼ HcSM and Fd ¼ Fe ¼ HSM. The
type II [15] 2HDM [16] is Fu ¼ Hu and Fd ¼ Fe ¼ Hd.
The type I 2HDM [16] is Fu ¼ c1 and Fd ¼ Fe ¼ 1
with an additional2 that does not couple to fermions. The
leptophilic Higgs model of Ref. [17] is Fu ¼ cq, Fd ¼ q
and Fe ¼ l.
There are an infinite variety of models that can satisfy
Eq. (17). However, principles are expected to be at work to
fall into this class if there is more than one Higgs boson. In
the case of supersymmetry, the type II structure follows
from holomorphy of the superpotential. In the case of
type I theories, it is usually assumed that the second
TABLE I. Data associated with the neutral mesons K0, B0d, and D
0. Values have been obtained
from [5] unless mentioned otherwise.
Meson (quarks) BF fF (GeV) M
expt
F (GeV)
K0 (ds) 0:79 0:04 0:08 0.159 ð3:476 0:006Þ  1015 [6]
D0 ( uc) 0:82 0:01 0.165 ð0:95 0:37Þ  1014
B0d (d
b) 1:28 0:05 0:09 [7] 0:216 0:022 ð3:337 0:033Þ  1013 [6]
B0s (s b)    0:281 0:021a ð117:0 0:8Þ  1013 [6]
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Higgs has, for example, a discrete Z2 symmetry 2 ¼
2 that forbids its direct coupling to fermions whereas
1 does not.
The summary point is that a next generation Higgs
boson is unlikely to satisfy FCNC currents due to tree-
level mediated interactions unless a principle is invoked
the ensures that it will satisfy the condition of Eq. (17). The
most straightforward principle that we can invoke, and one
that has been nicely illustrated recently in the model of [1],
is a selection rule that forbids the next generation Higgs
boson from coupling to fermions.
III. NEXT GENERATION HIGGS BOSONS OF
SUPERSYMMETRY
We begin with a discussion of next generation Higgs
bosons in supersymmetry. In minimal supersymmetry
there are already two Higgs doublets present in the spec-
trum. In unrestricted field theory, two Higgs doublets with
arbitrary couplings are a disaster for flavor-changing neu-
tral currents. However, as mentioned above, supersymmet-
ric theories have the special property that all superpotential
operators must be holomorphic in the superfields. Thus, it
is impossible to employ one Higgs field to give masses to
both up-type fermions and down-type fermions. The in-
troduction of the second Higgs doublet solves this prob-
lem, and holomorphy is the principle by which tree-level
FCNCs are held under control. The interaction Lagrangian
takes the form of the type II 2HDM in the form of Eq. (17).
Of course, when supersymmetry is broken, nonholomor-
phic interactions can induce additional couplings leading
ultimately to potentially interesting flavor-changing neu-
tral currents [18], but those are naturally small over much
of parameter space.
If we wish to add more Higgs doublets to supersymme-
try, we must do it in up- and down-Higgs boson pairs. This
is in sympathy with adding a new generation—a new
copy—of the fHu;Hdg pair. More importantly, it is required
to straightforwardly satisfy anomaly constraints due to the
presence of new fermions that are the superpartners of the
Higgs bosons. When a next generation of Higgs doublets is
added to the spectrum, holomorphy is no longer powerful
enough to save us from tree-level FCNC. Additional
Yukawa couplings generally create FCNC challenges
[2,13]. In Ref. [3] supersymmetric three generation Higgs
models have been considered where an exact symmetry
prevents the next generation Higgs bosons from coupling
to the fermions. They show that these next generation
Higgs bosons would not couple to the standard Higgs
bosons and under the assumption of equal scalar masses
at unification scale they would not get vevs, thus avoiding
FCNC problems. In general the simplest way out of the
FCNC challenge is to assume that the extra Higgs doublet
pairs couple very weakly, or not at all, to the fermions. This
is the assumption we shall adopt for now.
The result of the discussion above is that we are over-
laying a type I Higgs structure to our type II supersym-
metric theory. In other words, we are adding a Higgs boson
pair that does not couple to the fermions on top of a Higgs
pair that does. Our emphasis in this study is on the type I
aspect (i.e., the next generation), and as such the super-
symmetric type II feature is of less immediacy. Thus, we
shall postpone a detailed discussion of additional con-
straints to later, to the less complex model of adding one
Higgs boson to the SM. Nevertheless, we wish to present
the mass eigenstates and mixing, and, in particular, high-
light what effect multiple Higgs bosons have on the mass
of the lightest Higgs boson scalar of supersymmetry.
A. General Higgs potential
For the supersymmetric two-Higgs generation model
(SUSY 2HGM), we consider two additional Higgs super-
fields Hu2 and Hd2 charged under SUð2ÞL Uð1ÞY just as
Hu1, Hd1, respectively. The terms in the superpotential
involving these superfields are
W ¼ 11Hu1Hd1 þ12Hu1Hd2 þ21Hu2Hd1
þ22Hu2Hd2: (18)
From now on by Hu1, Hd1, Hu2, Hd2 we will denote only










































where  ¼ g2þg028 . Using the form of the superpotential in
Eq. (18) we get the F-term contribution,
VF ¼ ðj11j2 þ j12j2ÞjHu1j2 þ ðj22j2 þ j21j2ÞjHu2j2
þ ðj11j2 þ j21j2ÞjHd1j2 þ ðj22j2
þ j12j2ÞjHd2j2 þ ðauHyu1Hu2 þ adHyd1Hd2 þ c:c:Þ
(22)
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where
ad ¼ 1112 þ2122; (23)
au ¼ 1121 þ1222: (24)
In addition to theD-terms and F-terms there are the soft
SUSY breaking terms,
Vsoft ¼ m02u1jHu1j2 þm02u2jHu2j2 þm02d1jHd1j2 þm02d2jHd2j2
þ ðb11Hu1Hd1 þ b12Hu1Hd2 þ b21Hu2Hd1
þ b22Hu2Hd2 þ c:c:Þ; (25)
where HuiHdj ¼ HþuiHdj H0uiH0dj.




þ ðauHyu1Hu2þ adHyd1Hd2þ c:c:Þ þ ðb11Hu1Hd1





















Herem2i is the sum ofm
02
i and the F-term contribution from
Eq. (22). All the couplings are required to be real by
Hermiticity with the exception of the bilinear couplings
bij and ai which are in general complex. By redefining the
phases of the doublets Hu1, Hd2, and Hu2 only three of
these six couplings can be chosen to be real so that the
theory is in general CP violating.
Note that we are allowing Hu1;d1 to mix arbitrarily with
Hu2;d2 in the Higgs potential only. Some mixing between
the two generations is necessary as we do not want to have
a global symmetry under which the next generation of
Higgs bosons can be rotated with respect to the first gen-
eration because this would lead to the presence of a mass-
less Goldstone boson. When it comes to interacting with
the fermions, as discussed before and emphasized again
later, next generation Higgs bosons are generally barred
from having couplings unlike the first generation Higgs
bosons.
B. Electroweak symmetry breaking and scalar mass
matrices
We put hHþuii ¼ hHdii ¼ 0, hH0i i ¼ 1ﬃﬃ2p vi and demand
that the first derivatives of the potential with respect to

































































Here ~bij ¼ Rebij and ~ai ¼ Reai. It is necessary that
hHþuii ¼ hHdii ¼ 0 for electromagnetism to remain unbro-
ken. We can always choose one of the charged fields, say
Hd1 to have an expectation value hHd1i ¼ 0 using the
SUð2ÞL gauge freedom. To ensure that hHþu1i ¼ hHd2i ¼
hHþu2i ¼ 0 is consistent with the minimization conditions,
however, we must demand that in addition to Eqs. (27)–
(30) the second derivatives of the potential with respect to
the charged fields at this point are positive. This is equiva-
lent to demanding that the masses of the three physical
charged Higgs bosons are positive.
Also note that we have assumed the vev of the neutral
components vui, vdi to be real and positive. One of the
vevs, say, vd1, can be chosen to be real and positive using
the Uð1ÞY gauge freedom. As we discussed earlier this
theory is in general CP violating therefore we can choose
the other vevs vu1, vu2, and vd1 to be real and positive
simply by a convenient choice of phases of the respective
doublet fields. These phases can then be absorbed in the
bilinear couplings bij and ai and a redefinition of the quark
fields. If the underlying theory ensures that all the bilinear
couplings bij and ai are real so that the Lagrangian con-
serves CP, in order to avoid spontaneous CP violation vu1,
vu2, and vd1 must be real too. Therefore the point hAu1i ¼
hAd2i ¼ hAu2i ¼ 0 must be a minima where Ai ¼ﬃﬃﬃ
2
p
ImðH0i Þ. For this, in addition to Eqs. (27)–(30) the
second derivatives of the potential with respect to the
pseudoscalar fields Ai must be positive also at this point.
This is equivalent to demanding that the three physical
pseudoscalars in the theory must have positive masses.
Once vu1, vu2, and vd1 are known to be real they can
always be chosen to be positive by a convenient choice
of signs of the respective doublet fields, which can then be
absorbed in the bilinear couplings bij and ai and a redefi-
nition of the quark fields. If bij and ai are complex the
CP-even states mix with the pseudoscalar states. To avoid
this unnecessary complication to our present purposes we
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will present below the mass matrices assuming that the bij
and ai are real.
Using Eqs. (27)–(30) we can eliminate the m2i . We can
find the mass matrix of the four CP-even scalars and the
four pseudoscalars by substituting H0i ¼ 1ﬃﬃ2p 
ðvi þ hi þ iAiÞ. The mass matrix for the CP-even scalars,
M2H, in the fd1; u1; d2; u2g basis is
m2H11 b11  2vu1vd1 ad þ 2vd1vd2 b21  2vu2vd1
b11  2vu1vd1 m2H22 b12  2vu1vd2 au þ 2vu1vu2
ad þ 2vd1vd2 b12  2vu1vd2 m2H33 b22  2vu2vd2


































The pseudoscalar mass matrix,M2A, in the fd1; u1; d2; u2g
basis is











































The charged Higgs mass matrix differs from the pseudo-
scalar mass matrix only due to the last term in the potential
in Eq. (26). In the basis fHd1 ; Hþu1; Hd2 ; Hþu2g,
M 2þ ¼M2A þ
g2
4
v2u1 þ v2u2  v2d2 vd1vu1 vd1vd2 vd1vu2
vu1vd1 v
2
d1 þ v2d2  v2u2 vu1vd2 vu1vu2
vd2vd1 vd2vu1 v
2
u1 þ v2u2  v2d1 vd2vu2
vu2vd1 vu2vu1 vu2vd2 v
2





C. Upper bound on the mass of the lightest CP-even
Higgs
We want to transform the mass matrices above to the
Runge basis which is defined as follows. One of the basis
vectors in the Runge basis is




v2u1 þ v2d1 þ v2u2 þ v2d2
q
. Hcdi is in the SUð2ÞL






We choose the other basis vectors so that they are orthogo-
nal to this vector and to each other. The simplest choices
for two of the basis vectors are
~V 2 ¼ vu1=v1Hcd1  vd1=v1Hu1;











find the fourth basis vector which is orthogonal to the first
three by the expression,







where ~U can be any arbitrary vector. The transformation
matrix is an SOð4Þ rotation matrix,
R ¼ ð ~V1 ~V2 ~V3 ~V4Þ: (35)
In the Runge basis, the mass matrices of the pseudosca-
lar, charged Higgs and CP-even scalar Higgs boson masses
take on a special form. For the pseudoscalar and charged
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Higgs mass matrix, the first row and first column contain
all zeros, which is expected since the first basis vector V1 is
the ‘‘electroweak vev multiplet’’ which has all the vev.
Thus, the CP-odd and charged components of the first
basis vector in the Runge basis are the spin-zero
Goldstone boson states absorbed by the Z0L, W
þ
L , and W

L
vector bosons. What remains is one more component of a
full doublet, namely, the CP-even part. We shall write the
full CP-even mass matrix below and identify the matrix
element corresponding to the mass of this CP-even scalar
and comment on its meaning.
The CP-even mass matrix in the Runge basis is













































































































The Runge basis helps us see what the lightest Higgs
boson mass becomes in the limit in which supersymmetry
breaking masses are large, ~m MZ. In that case, the f11g
element of the CP-even Higgs boson mass matrix is the
only diagonal element that stays small. A theorem of linear
algebra tells us that the smallest eigenvalue of a positive
definite matrix is smaller than the smallest diagonal ele-
ment. Therefore, at tree-level we know from this f11g
element the upper bound on the mass of the lightest







 MZjcos2! cos21 þ sin2! cos22j; (37)
where tani 	 vui=vdi and tan! 	 v2=v1.
The leading supersymmetry breaking corrections to this
expression are from top squark loops in the same manner as
found in the minimal supersymmetric standard model
(MSSM). Thus, the controlling difference between our
theory and the MSSM prediction for the Higgs mass is
the tree-level expression of Eq. (37) compared to that of the
MSSM, which is
mh  MZj cos2j: (38)
One sees that if we set tan1 ¼ tan, which becomes in
both theories the fixed value for the ratio of vevs of the two
Higgs doublets that couple to the fermions, a small addi-
tional contribution can be made to the Higgs boson mass in
1Note that such an upper bound would exist even if our
assumption that bij and ai are real is not true. For complex bij
and ai the CP-even and pseudoscalar states mix. There are again
seven neutral scalars and a Goldstone boson. The 7 7 mass








the f11g element in the seven dimensional basis in which V1 is
the Runge vector. Here the Runge vector in the original eight
dimensional space is VT1 ¼ 1v ðv1; v2; v3; v4; 0; 0; 0; 0Þ.
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our next generation Higgs theory compared to the MSSM
by allowing for larger tan2 > tan1 ¼ tan.
The available gain to the Higgs boson mass in this
manner is tiny if tan1 * 5. For lower values of tan1
the additional Higgs doublet pair contributions can be
significant if the mixing angle ! is larger. This may be
useful since it is a challenge in theMSSM to obtain a Higgs
boson mass above the 114 GeVexperimental limit without
having too-high superpartner masses that induce fine-
tuning in the electroweak sector potential.
In Fig. 2 we plot contours of the tree-level Higgs boson
mass in units of MZ in the plane of tan1 vs sin!, assum-
ing that cos22 ¼ 1, which is a good approximation if
tan2 * 5. One sees that as sin! increases, the second
Higgs doublet is more responsible for electroweak sym-
metry breaking and therefore the Higgs mass increases due
to larger tan2. The drawback is that the Higgs bosons that
couple to the fermions get smaller vevs, leading to larger
Yukawa couplings. The larger top Yukawa coupling could
diverge at a low scale. We describe this effect in more
detail in Sec. V. In Fig. 2 we have also plotted, therefore,
the contours of the scale SC at which the top Yukawa
coupling becomes strongly interacting (i.e., diverges). In
Table II we show that with increasing the sin! mixing
angle, it is possible to have a smaller value of the stop
masses so that the Higgs boson mass is greater than
114 GeV. The quoted values of ~mt 	 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ~mt1 ~mt2p are obtained
by assuming that the tree-level contributions are derived
from tan1 ¼ 1:5 and cos22 ¼ 1, and that only the













For higher values of sin!, the tree-level contribution in-
creases, thereby putting less pressure on the stop masses to
raise the Higgs boson mass above 114 GeV. This is clear
from the values in the table, where for higher sin! the
needed ~mt values are lower.
We also show in Table II the scale SC at which the top
Yukawa coupling diverges for the various values of sin!.
As is expected, the larger the value of sin! for some given
tan1, the lower the SC scale. This is the tradeoff one has
between a larger Higgs mass prediction and a lower scale
of top quark Yukawa coupling divergence. This is reminis-
cent of the next to minimal supersymmetric standard
model which can have an arbitrarily large Higgs boson
mass by adjusting the parameter  in the superpotential
interaction NHuHd; however, large values of  imply
divergences well below a putative unification scale. This
is a common feature in many attempts to solve the Higgs
mass bound challenge of supersymmetry.
IV. NEXT GENERATION HIGGS BOSON OF
STANDARD MODEL
A. Electroweak symmetry breaking and scalar mass
matrices
To add a next generation Higgs boson to the SM is
equivalent to postulating a 2HDMwith two scalar doublets
1 and 2 having hypercharge 1=2. Earlier we discussed
the many ways that a second Higgs boson can be added to
the spectrum without being incompatible with the experi-
ment. There are many options, including type I models and
type II models and variants on that theme. The type II
structure is most naturally incorporated within supersym-
metry using holomorphy as the guiding principle, as we
discussed in the previous section. Going beyond that, the
most straightforward way to incorporate extra Higgs dou-
blets is to implement a type I structure. In other words, the
second Higgs boson (or next full generation) induces no
TABLE II. For various values of sin! we show the value of ~mt
needed to raise the Higgs boson mass above the experimental
limit of 114 GeV and also the scale SC where the top Yukawa
coupling diverges. The tree-level contribution is obtained by
assuming tan1 ¼ 1:5 and cos22 ¼ 1.
sin! ~mt (TeV) SC (GeV)
0 2.7 2 1016
0.5 2.0 5 108
0.7 1.4 3 105





















FIG. 2 (color online). Contours of the upper bound on the mass
of the lightest Higgs (in MZ units) in the SUSY 2HGM taking
cos22 ¼ 1. We have also shown contours of equal SC (in
GeV), the energy scale at which the top Yukawa coupling t
becomes larger than 4	. Details about the calculation of SC
appear in Sec. V.
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tree-level FCNC by virtue of it having no Yukawa cou-
plings with the SM fermions.
To ensure no couplings of the second Higgs boson to
fermions, the discrete symmetry,
2 ! 2 (40)
can be imposed, for example. If we allow a soft violation of
this symmetry by dimension-two terms we can still avoid
tree-level FCNC bounds. The most general renormalizable
potential for the scalars in which the discrete symmetry is
softly broken only by dimension-two terms is










The potential above is the potential in the toy model of [1]
once the singlet in their theory gets a vev. Hermiticity
requires all the coupling constants in the above potential
to be real with the exception of b and 5. A convenient
choice of the phase of 2 will allow only one of the two
couplings to be real so that the theory is CP violating in
general. Note that if both b and 5 vanish the potential is
invariant under a globalUð1Þ symmetry for2. Thus either
b or 5 must be nonzero to prevent the pseudoscalar from
being a massless Goldstone boson.
Two CP conserving limits of this potential have been
considered in the literature [19]. The limit in which b ¼ 0
has been called potential A (VA) and the limit in which
5 ¼ 0 has been called potential B (VB). Let us now
analyze in some detail the electroweak symmetry breaking
pattern in these two limits.2
Potential A: b ¼ 0, 5  0—Potential A can be ob-
tained by strictly imposing the discrete symmetry 2 !
2 which requires b ¼ 0 in Eq. (42),
VAð1;2Þ ¼ 21j1j2 þ2j2j2 þ 1j1j4 þ 2j2j4








Without loss of generality all the i couplings are real.
Hermiticity demands it for all i except 5, which can
always be rotated to be real and chosen to be either positive
or negative by making2 absorb its phase. For definiteness
we choose 5  0 here.
The potential must be bounded from below in all field
directions. One can test for dangerous runaway directions
by parametrizing field excursions arbitrarily large in value.
The following field directions give us all the unbounded
from below (UFB) constraints (see, e.g., [21]):
T1 ;
T
2 direction UFB constraint
ð0; aÞ; ð0; 0Þ 1 > 0
ð0; 0Þ; ð0; aÞ 2 > 0











The most general vacuum expectations values for the

















A nonzero u2 would indicate the full breaking of SUð2ÞL 
Uð1ÞY , and, in particular, the photon would obtain mass.
For electromagnetism to remain unbroken when 1 and
2 get vevs the following condition must hold (see for
instance [14,22]):
4 þ 5 < 0: (45)
The minimization conditions obtained by setting
dV=di ¼ 0 for all real fields i defined in
1 ¼ 1 þ i23 þ i4
 
; and 2 ¼ 5 þ i67 þ i8
 
: (46)
Then ensure that electroweak symmetry breaking is proper













 0 and we can always choose v2 
 0 by a
convenient choice of sign of the doublet field 2. The





3 þ 4 þ 5
2




3 þ 4 þ 5
2
v21 þ 2v22 ¼ 0;
(48)
can be used to eliminate the parameters 1 and 2 [23].
We need to check if this solution is stable. To do that we
require that the second derivative of the potential, i.e. the
mass matrix, be positive definite. We can find the mass
eigenvalues by solving four 2 2matrices. These matrices
arise from kkþ4 mixing for k ¼ 1, 2, 3, 4. We simplify
the entries in these matrices by substituting 21 and 
2
2
from Eq. (48). To begin with, we look at the 15 and
26 mixings, which have the same 2 2 mass matrix:
M 215 ¼M226 ¼
 4þ52 v22 4þ52 v1v2
4þ5
2 v1v2  4þ52 v21
 !
; (49)
which leads to four eigenstates
2For a discussion about the vacuum structure and the possi-
bility of spontaneous violation of CP and electromagnetism in
more general 2HDMs see Ref. [20].
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m2


















This leads to two eigenstates
m2G ¼ 0 ðneutral Goldstone bosonsÞ; (54)
m2A ¼ 5ðv21 þ v22Þ ðneutral pseudoscalar bosonÞ:
(55)





1 ð3 þ 4 þ 5Þv1v2




This is the 2 2 mass matrix for the two physical neutral
scalar Higgs bosons of the theory, h and H. The mixing
angle to rotate from the f3; 7g basis to fH; hg basis is










The solutions are obtained by simple eigenvalue, eigen-






where 345 ¼ 3 þ 4 þ 5. We will use the convention
that H is the ‘‘SM-like’’ Higgs and hence we will always
take <	=4. The masses of the CP-even scalars are
m2h;H ¼ 1v21 þ 2v22 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ




We require that the mass matrix be positive definite,
which puts important constraints on the parameters of the
theory. For example, from the charged Higgs and pseudo-
scalar Higgs boson masses we know that
4 þ 5 < 0; and 5 < 0 (60)
is required. Note that the first condition is the same as
Eq. (45), the condition that ensures that the photon remains
massless.
Potential B: 5 ¼ 0, b  0—Potential B can be ob-
tained by imposing a global Uð1Þ symmetry for 2 and
allowing it to be broken only softly by dimension-two
terms like by12,
Vð1;2Þ ¼ 21j1j2 þ2j2j2 þ bðy12 þ c:c:Þ
þ 1j1j4 þ 2j2j4 þ 3j1j2j2j2
þ 4ðy21Þðy12Þ: (61)
Without loss of generality all the i couplings are real due
to Hermiticity. The coupling b can be rotated to real by2
absorbing its phase.
The conditions for the potential to be bounded from
below in all field directions are the same as Eq. (43) with
5 ¼ 0 as these conditions are determined by the quartic
couplings so that the additional bilinear term does not
affect them. The most general vacuum expectations values
for the two 1;2 Higgs fields can again be expressed by
Eq. (44).
The minimization condition dV=d1 ¼ 0 [22] in this
case is given by
bu2 þ 42 u2v1v2 cos ¼ 0: (62)
It is clear that for
bþ 4
2
v1v2 cos  0; (63)
it is required that u2 ¼ 0 from the 1 minimization con-
dition in Eq. (62). This ensures that electromagnetism is
not broken and the photon remains massless as the doublets
get vevs. This condition and the other minimization con-













 0 and we can always choose v2 
 0 by a
convenient choice of sign of the doublet field 2, which
can then be absorbed in a redefinition of the coupling b.
The minimization conditions dV=d3 ¼ 0 and
dV=d7 ¼ 0 given by [22]
3: 
2
1 þ bv2 þ
3 þ 4
2
v22 þ 1v21 ¼ 0;
7: 
2
2 þ bv1 þ
3 þ 4
2
v21 þ 2v22 ¼ 0;
(65)
can be used to eliminate the parameters 1 and 2 [23].
Let us now look at the mass matrix after substituting 21
and 22 from Eq. (65). Let us first look at the 15 and
26 mixings, which have the same 2 2 mass matrix:







2  bv2=v1 42 v1v2 þ b
4




which leads to four eigenstates
m2




















This leads to two eigenstates
m2
G0







where the mixing angle is again given by tan! ¼ v2=v1.
Finally, there is 37 mixing:
M 237 ¼
21v
2  bv2=v1 ð3 þ 4Þv1v2 þ b














The masses and mixing angle are
tan2 ¼ 34v1v2 þ b
1v
2





















Requiring the charged and pseudoscalar Higgs mass to be
positive gives us




An analysis of the general potential in Eq. (41) is com-
plicated by the fact that both b and 5 cannot be chosen to
be real by redefining the phase of 2. This leads to a
mixing between the pseudoscalar and CP-even states. If
both b and 5 are assumed to be real, however, the masses
and mixing angles for the general potential in Eq. (41),







4 þ 5 þ 2bv1v2

; (78)























tan2 ¼ 345v1v2 þ b
1v
2







where 345 ¼ 3 þ 4 þ 5. Thus, in 2HDMs from the
original 8 degrees of freedom we get three Goldstone
bosons and five physical scalars. The Goldstone bosons
are absorbed as longitudinal modes by Wþ= and Z. The
tree-level masses of the Wþ= and Z are






We now give some of the constraints that this model
experiences when requiring compatibility with all past
experiment.
B. Indirect constraints
Constraints due to virtual Hþ= effects—In the type I
2HDM the coupling of Hþ= to the fermions is propor-
tional to tan!. Thus in the type I 2HDM, unlike the type II
2HDM, all the constraints coming from processes involv-
ing virtual Hþ= can be met for small enough tan!. The
strongest such constraint comes from the b! s branch-
ing rate. An expression for the width of the process in type I
2HDMs is [24]
























C7iðMWÞ ¼ AWðm2i =M2WÞ þ tan2!AHiðm2i =m2HþÞ: (84)
Here i ¼ VisVib,  ¼ sðmbÞ=sðMWÞ, AW is the SM
contribution due to Wþ= loops and AH is the additional
contribution due to triangle diagrams involving the charged
Higgs. For expressions of AW and AH see, for instance,
[24]. The SM value for the width can be obtained by simply
putting ! ¼ 0 or taking the limit mHþ ! 1 in the above
equation.
Let the fractional deviation of the type I 2HDM value






Figure 3 shows the contours of constant r in themHþ- tan!
plane. The dashed lines in Fig. 3 show the region excluded
by experiments at the 2 level. To obtain the dashed curves
we have used the world average for the experimental value
of the branching fraction [25],
Bð B! XsÞ ¼ ð3:55 0:24þ0:090:10  0:03Þ  104:
We have rescaled the theoretical value obtained using
Eq. (84) to reproduce the NNLO SM prediction [26],
Bð B! XsÞ ¼ ð3:15 0:23Þ  104;
in the mHþ ! 1 limit and added the error associated with
this value in quadrature to the experimental error. From
Eq. (84) one can see that there are two different ways of
satisfying the constraint: (1) if tan! is small the type I
2HDM width is close to the SM value, or (2) tan2! can be
tuned to a higher value so that jPi¼c;tiC7iðmbÞj in Eq. (84)
is close to its SM value (C7i ’ CSM7i ). Thus there are two
disconnected allowed regions in Fig. 3. We can see from
Fig. 3 that the constraint is satisfied for all values ofmHþ if
tan!< 0:32; (86)
which translates to
v2 < 75 GeV: (87)
FormHþ ¼ 200 GeVwe obtain the constraint tan!< 0:47
(v2 < 105 GeV). Another constraint due to virtual H
þ=
effects comes from B0d  B0d oscillations. This, however,
puts a weaker constraint than the b! s process at the 2
level [27].
It is important to note that a small v2 not only implies a
small ! but also suggests a small  for a 2HDM with the
general potential in Eq. (41). This can be seen from the
expression for tan2 in Eq. (82). Using Eq. (79) we can
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FIG. 4. Upper bounds on sin2 as a function of mh derived
from searches for the Higgsstrahlung process eþe ! Zh at
LEP with center of mass energy
ﬃﬃ
s
p ¼ 91–209 GeV. It has been
assumed that h decays entirely to bb. We also plot the three
parameter sets A, B, and C that we have chosen for simulations
(Table III) on the sin2-mh plane. The curve has been repro-
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     tan ω  tuned so that 




FIG. 3 (color online). The solid lines show contours of con-
stant r, the fractional deviation of the type I 2HDM value of the
b! s width from the SM value. The dashed lines are the
boundaries of the region in the mHþ - tan! plane excluded by
constraints from the b! s branching rate at 2 standard devia-
tions. As one can see from Eq. (84) there are two different ways
of satisfying the constraint: (1) if tan! is small the type I 2HDM
width is close to the SM value, or (2) tan2! can be tuned to a
higher value so that jPi¼c;tiC7iðmbÞj in Eq. (84) is close to the
SM value (C7i ’ CSM7i ). Thus there are two disconnected
allowed regions in Fig. 3. The star shows our choice of mHþ
and tan! that we use for collider simulations later.
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1  12 ðm2A=v21 þ 5Þ
tan!; (88)
which shows that a small v2 suggests that  should be
small too.
The  parameter—In the 2HDM the  parameter gets
additional contributions from corrections to MW and MZ
due to loops of the scalars. With respect to the SM theory
with a Higgs boson mass of mh ¼ 120 GeV, the range of
 that can be tolerated [6] by replacing the single SM
Higgs boson with the 2HDM is 0:0000 &  & 0:0012 at
the 68% C.L., where  ¼ ð2HDMÞ  ðmSMh Þ. The
2HDM computation needed for this can be found in
Ref. [28]. One finds that it is easy to satisfy precision
electroweak constraints for a 2HDM with masses in the
neighborhood of 50–300 GeV, as we shall see later in our
example benchmark points that we use to study collider
signatures.
C. Collider constraints
The fact that none of the scalars h, H, or A were seen at
LEP puts constraints on their massesmh,mH,mA, and  ¼
j!j. We are especially interested in the cases when the
decay modes A! Zh or H ! hh=AA are kinematically
allowed, i.e. when the conditions jmA mhj>mZ or
mH > 2mh=A hold, respectively.
The major constraint on the mass of the non SM-like
CP-even Higgs mh comes from the nondiscovery of h
produced by the Higgstrahlung process eþe ! hZ at
LEP. The cross section of the Higgstrahlung process in
the 2HDM is suppressed by a factor of sin2 with respect
to the cross section of the same process in the SM. It is
therefore possible to have h as light as wewish by choosing
a sufficiently small value of . Upper bounds on the cross
section for this process for a particular value of mh there-
fore give upper bounds on sin2. Figure 4 shows the LEP2
upper bounds [29] on sin2 vs mh assuming h decays
entirely to b b. As one can see from the figure there are
no constraints onmh at all, if sin < 0:1, and no constraints
on sin if mh > 114 GeV. If we take sin < 0:2, mh 
100 GeV is safely within allowed limits.
Another important process that could have been poten-
tially seen at LEP is the associated production process
eþe ! hA. The cross section for this process is propor-
tional to cos2 in the 2HDM. Analysis of LEP2 data,
assuming jmA mhj>mZ so that A predominantly decays
as A! Zh, has been done by the DELPHI collaboration
[30] and the process has been found to be unconstrained.
Even if this condition does not hold there are no constraints
on  if we have mA þmh > 200 GeV [29].
The constraints on the pseudoscalar mass mA are much
weaker. The cross section of associated production pro-
cess, eþe ! HA, is proportional to sin2. The results of
LEP analyses motivated by this process put upper limits on
sin2 for a given mA and mH (see Ref. [29] for details). If
the dominant decay mode is H ! AA there are no con-
straints at all if mH > 120 GeV and mA > 50 GeV [29].
As far as the charged Higgs is concerned, the LEP2
direct search constraints from the process eþe ! Z !
HþH place a lower limit of 76.7 GeV on mþH [31]. The
Tevatron search for t! Hþb puts a 95% C.L. upper bound
on Bðt! HþbÞ at 0.1–0.3 in the mass range 90 GeV<
mHþ < 150 GeV assuming BðHþ ! csÞ to be 100% [32].
For almost the entire mass range Bðt! HþbÞ< 0:1 is
allowed. In the type I 2HDM this branching ratio is pro-
portional to tan2!, so that we obtain tan!ð s!Þ< 0:3 for
mHþ ¼ 90 GeV and tan!< 0:8 (s! < 0:6) for mHþ ¼
150 GeV by requiring Bðt! HþbÞ< 0:1. The limit on
tan! is actually too conservative for mHþ ¼ 90 GeV as
the upper bound on the branching fraction for this mass is
about 0.3.
Finally let us consider the SM-like Higgs boson H. If
mH < 2mh=A, H would predominantly decay into quarks
with branching ratios very similar to that in SM. In this
case the process eþe ! HZ puts a weaker lower bound
on mH in 2HDMs than the SM value 114 GeV because the
2HDM cross section of this process is smaller than the SM
cross section by a factor cos2. If H ! hh=AA is allowed
there are of course no constraints on  if mH > 115 GeV,
and for  > 0, mH can be even smaller [29]. We will take
mH ¼ 120 GeV for all the parameter sets we use in our
simulations in Sec. VI.
V. YUKAWA COUPLING PERTURBATIVITY
If there exists at least one Higgs boson with a vev that
does not couple to a fermion f, the Yukawa coupling of that
fermion f must necessarily be greater than its correspond-
ing would-be SM value. Larger Yukawa couplings in the
theory run the risk of renormalizing to a strong coupling at
a lower scale than desired. In our study this is a considera-
tion that must be explored, since our emphasis is on next
generation Higgs bosons that do not couple to the fermions.
Therefore, in this section we quantify where Yukawa cou-
plings blow up in renormalization group evolution as a
function of the vev of fermiophobic Higgs doublets in the
theory. The effect is particularly pronounced for the top
quark Yukawa coupling, since it is associated with the
highest mass fermion in the theory.
The one-loop renormalization group equations (RGEs)
for the Yukawa (f) [33] and gauge couplings (see for e.g.


















































































where S ¼ 3PU2U þ 3PD2D þPE2E. U, D, and E de-
note the up-type quarks, the down-type quarks and the
leptons while g0, g2, and g3 are the Uð1ÞY , SUð2ÞL, and
SUð3Þ gauge couplings. Note that the summation over U,
D does not include a summation over colors. There are
similar equations for the other up-type quarks [t! U in
Eq. (89)], the other down-type quarks [b! D in Eq. (90)]
and the other leptons [! E in Eq. (91)]. For the type I
2HDM nd ¼ 1.
For supersymmetric models with ng extra generations of
Higgs doublet pairs in addition to the MSSM pair, the one-











































































For the supersymmetric two-Higgs generation .odel
(SUSY 2HGM) of Sec. III A ng ¼ 1. There are similar
equations for the other up-type quarks [t!U in
Eq. (93)], the other down-type quarks [b!D in
Eq. (94)] and the other leptons [! E in Eq. (95)].







where c! ¼ v1=v (with v ¼ 2MW=g). In the SUSY



















where tan1 ¼ vu1=vd1.
In the type I 2HDM all the Yukawa couplings except for
the top Yukawa coupling can be ignored. In the SUSY
2HGM in addition to the top Yukawa, the tau and bottom
Yukawa couplings also become important at high values of






¼ 171:3 GeV; (101)
mbðMZÞ ¼ 2:7 3:0 GeV; (102)
mðMZÞ ¼ 1:75 GeV; (103)


































FIG. 5 (color online). SC, the energy scale at which either
one of the three large Yukawa couplings t, b, or  becomes
larger than 4	, as a function of c!. We show curves for the type I
2HDM case as well as the SUSY 2HGM with different values of
tan1. For the tan1 ¼ 50 and tan1 ¼ 65 cases we show two
dashed curves corresponding to the minimum (left) and maxi-
mum (right) allowed value ofmbðMZÞ in Eq. (102). For the mean
value mbðMZÞ ¼ 2:85 GeV in Eq. (102), for tan1 
 55 it is the
bottom Yukawa which becomes strong (> 4	). We have used
the renormalization group equations at one loop level.
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corresponds to the Particle Data Group range for
mbðmbÞ ¼ 4:03–4:37 GeV [6]. The numerical value in
Eq. (102) can be found in [36]. Let SC be the strong
coupling scale, i.e the energy scale at which either one of
the three large Yukawa couplings t, b, or  becomes
larger than 4	. In Fig. 5 we show how SC varies as a
function of c!. We show the curve for the type I 2HDM
case as well as the curves for the SUSY 2HGM for various
values of tan1. In the SUSY 2HGM at high values of
tan1 * 50 the bottom Yukawa coupling becomes strong
at a lower energy scale than the top Yukawa coupling.
We see from the results of this section that if we allow
the fermiophobic next generation Higgs doublet too large
of a vev, the enhanced Yukawa couplings that are required
to make up for the smaller vev of the Higgs boson that the
fermions couple to may diverge at a lower scale than
desired. For example, if one wishes to preserve supersym-
metric gauge coupling unification up to the scale of
1016 GeV there are critical values of cos! that cannot
be crossed depending on tan1, which leads to maximum
values of the next generation Higgs boson vev.
VI. SIGNATURES AT THE LARGE HADRON
COLLIDER
In this section we identify processes that can provide
signatures of next generation Higgs bosons at the LHC.
While our numerical results have been obtained for the
type I 2HDM our basic conclusions are true for next
generation Higgs bosons in general.
A. Dominant decay modes
Wewill now compute the branching ratios of the various
decay modes of the neutral Higgs bosons in the type I
2HDM. The relevant Feynman rules can be found in
Ref. [19].
Figure 6(a) shows the branching ratios for decay of the
pseudoscalar A [see Eq. (42)]. The decay modes A! hh,
A! HH, A! WW, and A! ZZ are not allowed by
symmetry as A is a pseudoscalar. As shown in the figure,
when allowed kinematically, the branching ratio for A!
Zh is near unity.
The SM-like HiggsH decays mainly via the modesH !
hh=AA even if modes like H ! WW and H ! ZZ are
kinematically allowed. Figure 6(b) shows the branching
ratios of H in potential A with a light h.
The branching ratios of h are very similar to that of a SM
Higgs for small values of mh when decay modes like h!
ZA and h! AA are not kinematically allowed. For mh >
2mA, the decay mode h! AA overwhelms all other modes
including h! ZA, h! WW, and h! ZZ. A very inter-
esting limit is ! 0, !! 0. In this limit h becomes both
fermiophobic and bosophobic (the tree-level coupling of h
to fermions is proportional to s=c! and the coupling to
vector bosons is proportional to sin) and the dominant
decay mode becomes h! . This case has been dealt
with in detail in Refs. [19,37].
B. The pp! Zhðb bÞhðb bÞ signal and choice of input
parameters
As we noted in Sec. IVB indirect constraints put an
upper bound on v2 in the type I 2HDM and this not only
implies a small ! but also suggests a small  and hence
suggests a small  ¼ j!j. A small vev for the fermio-
phobic Higgs doublets is also required for high scale
perturbativity as we saw in the last section. If  is small











































FIG. 6 (color online). (a) Branching ratios of the various decay modes of the pseudoscalar A with mH ¼ 120 GeV, mh ¼ 70 GeV,
mHþ ¼ 150 GeV, s ¼ 0:2, and s! ¼ 0:1 in any 2HDM and (b) branching ratios of the SM-like Higgs H in potential A with mA ¼
180 GeV, mh ¼ 70 GeV, mHþ ¼ 150 GeV, s ¼ 0:2, and s! ¼ 0:1.
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at LEP (Fig. 4). The pseudoscalar A must then be chosen
sufficiently heavy to satisfy the LEP constraints from
eþe ! hA (see Sec. IVC).
Another implication of a small  is that unlike the
process pp! hZ, which is highly suppressed (by sin2
in 2HDMs), the processes pp! Ah and pp! ZH are
only mildly suppressed (by cos2 in 2HDMs). In the first
case, if allowed kinematically, A predominantly decays as
A! Zh [Fig. 6(a)] and in the second case H predomi-
nantly decays as H ! hh=AA [Fig. 6(b)] if allowed to
kinematically so that both processes can lead to the same
final state Zhðb bÞhðb bÞ.3
Table III shows three different sets of input parameters
for which we perform simulations to compute the pp!
Zhðb bÞhðb bÞ signal. Set A receives contributions from
both the pp! Ah and pp! ZH processes whereas all
the other sets receive contributions from the pp! Ah
process only. We have also computed  for all the data
sets in Table III to show that this constraint is met. As for
the other constraints, we have marked these parameter sets
in Fig. 3 and 4 to show that our parameter sets satisfy the
b! s constraint and the eþe ! hZ constraint,
respectively.
As mentioned in Sec. IVC a light A is experimentally
less constrained than a light h. Although we will not
perform simulations for the process pp! Aðb bÞh fol-
lowed by h! ZAðb bÞ the analysis of the process would
be very similar to the process we will consider. This
process would be important if h! ZA is kinematically
allowed but h! AA is not kinematically allowed. IfmH >
2mA the process pp! ZHðAAÞ ! Zb bb b will be a very
important signature. Although we will not perform a simu-
lation for such a scenario, we will compute the contribution
to the cross section of the process pp! ZHðhhÞ !
Zb bb b for set A (this will be a part of the net cross section).
This is again expected be very similar to the case when A,
rather than h, is the lighter scalar that H decays into.
It should be clear that all the arguments that have led us
to the pp! AðZhÞh! Zhðb bÞhðb bÞ signal are valid not
only for the type I 2HDM but for any multi-Higgs theory
having scalar doublets that do not couple to fermions. It is
easiest to satisfy the constraints from charged Higgs loop
contributions (as in the b! s process) and high scale
perturbativity if the vevs of these fermiophobic doublets
are small. Let h and A be mass eigenstates that contain
mostly the CP-even and CP-odd neutral components of
such a doublet, respectively. A small vev of this doublet
would imply that the ZZh coupling strength is small, but
the ZAh coupling strength would not get suppressed.
C. Signal and background cross section at LHC
We now present the results of the simulations we per-
formed for the pp! Zhðb bÞhðb bÞ signal. The analyses
we present are new; however, there are related studies that
we will point out to the reader in our set A analysis. All our
results are independent of the choice of 2HDM potential
except for the H ! hh contribution to the signal in pa-
rameter set A that depends on BðH ! hhÞ, which is model
dependent. BðH ! hhÞ has been taken to be equal to its
value in potential Awhich is nearly 1. We used MADGRAPH
[38] to generate signal and background events at 14 TeV
center of mass energy for the process pp! Zhðb bÞhðb bÞ
for the different parameter sets in Table III. We then
decayed the Z to lþl (l ¼ e,) using the DECAY software
in the MADGRAPH package. Note that we have ignored any
contribution to the SM background from final states with
lepton pairs not produced in Z decay that have invariant
mass close to MZ nevertheless. The following basic selec-
tion cuts have been applied using MADANALYSIS:
pTðb; lÞ> 15 GeV; (104)
jb;lj< 2:5; (105)
Rbp > 0:4; (106)
where R ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðÞ2 þ ðÞ2p and p is any parton (i.e.
quark or lepton) in the process. The background cross
section with these cuts is 9.9 fb. To reduce the background
further we use the fact that two b b pairs have the same
invariant mass in the signal up to experimental resolution.
Detector simulations of scalars decaying into b pairs [39]
find that because of detector effects like calorimeter energy
TABLE III. Example parameter sets. The values of  are computed in these 2HDMs with
respect to the SM value with Higgs mass of 120 GeV.
Set Input Parameters 
A mH ¼ 120 GeV, mh ¼ 50 GeV, mA ¼ 150 GeV,
mHþ ¼ 200 GeV, s! ¼ 0:1, s ¼ 0:2 ( sin ¼ 0:10)
0.0010
B mH ¼ 120 GeV, mh ¼ 70 GeV, mA ¼ 180 GeV,
mHþ ¼ 200 GeV, s! ¼ 0:1, s ¼ 0:2 ( sin ¼ 0:10)
0.0003
C mH ¼ 120 GeV, mh ¼ 100 GeV, mA ¼ 200 GeV,
mHþ ¼ 200 GeV, s! ¼ 0:1, s ¼ 0:3 ( sin ¼ 0:20)
<0:0001
3Note, however, that in a 2HDM with potential B, in the limit
, !! 0 we get m2h ! m2A [see Eq. (72) and (76)] so that A!
Zh would not be kinematically allowed in this limit. This issue
does not arise for potential A or the general potential in Eq. (41).
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resolution, electronic noise, and physics effects like final
state radiation, energy loss outside cone and semi leptonic
decays, only about 85% of the events register di-b-jet
invariant masses within 20% of the true value. To simulate
this effect we smear the invariant masses according to a
Gaussian distribution such that 85% of the events lie within
20% of the mean. There are three ways to divide the four
b-quarks (say abcd) into two pairs (ab cd, ac bd, and ad
bc). The combination that gives the invariant masses of the
two pairs (after smearing) closest to each other has been
considered (note that in reality the experimental uncertain-
ties in the invariant masses of the six possible b pairs are
not uncorrelated as assumed here). Let Mbb1 and Mbb2 be
the smeared invariant masses of the two b pairs thus
selected, and let Mbb be the mean of these two numbers.
We impose the following cut in addition to those in
Eq. (104):
jMbb1 Mbb2j< 0:2Mbb: (107)
With this additional cut the background is reduced from
9.9 fb to 2.6 fb whereas the signal is only reduced to about
70% of the value with only the cuts in Eqs. (104)–(106).
We provide the cross sections for the different parameter
sets and the background in Table IV. Note that the back-
ground cross section can be further reduced by requiring
Mbb to be in a certain mass window around mH
In Fig. 7 we plot the 2b invariant mass spectrum for set
A obtained for the events passing the cuts in Eqs. (104)–
(107). For set A the contribution to the cross section of
pp! Zhðb bÞhðb bÞ comes from two different processes
pp! AðZhÞh! Zb bb b and pp! ZHðhhÞ ! Zb bb b.
The branching ratio BðH ! hhÞ has been taken to be equal
to its potential A value which is nearly 1. As shown in
Fig. 7 the contribution from the pp! ZHðhhÞ mode is
quite large. This contribution also gives rise to a peak in the
4b invariant mass spectrum as shown in Fig. 8. We have
smeared the 4b invariant mass assuming an experimental
resolution of 20% of mH (24 GeV in this case) for the
reconstructed peak. We expect very similar results if A
rather than h is the scalar H decays to. The signal from
pp! ZHðAAÞ ! Zb bb b will be a very promising signa-
ture for the type I 2HDM, especially because the con-
straints on a light A are rather weak as discussed in
Sec. IVC. Similar analyses for H ! AA have been done
before [in Ref. [40] the final state lAðb bÞAðb bÞ has been
considered while in Ref. [41] the final state
WðEmissT lÞAðb bÞAðb bÞ has been considered]. These papers,
however, do not apply the cut in Eq. (107) which leads to
improved significance of the signal.
Figures 9 and 10 show the 2b invariant mass spectrum
for the other parameter sets. Only the process pp!
AðZhÞh! Zb bb b contributes to the cross section in these
cases.
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FIG. 7. The 2b invariant mass spectrum Mbb for the signal on
top of the SM background for the input parameters in set A (see
Table III), showing a peak at mh ¼ 50 GeV. Two processes
contribute to the signal: (1) pp! AðZhÞh! ZðlþlÞZb bb b
and (2) pp! ZHðhhÞ ! ZðlþlÞZb bb b. The cuts applied are
those in Eqs. (104)–(107) and the center of mass energy has been
taken to be 14 TeV. The branching ratio BðH ! hhÞ  1. The
reconstruction efficiency of the lepton pair and the jets and the
b-tagging efficiency have all been taken to be unity at this stage.
TABLE IV. Signal and background cross sections for pp! Zhðb bÞhðb bÞ at LHC. The center




in Eqs. (104)–(106) (fb)
Cross section
with the cuts
in Eqs. (104)–(106) (fb)
Detector level cross section
[eff in Eq. (108)] with
the cuts in Eqs. (104)–(107)
Set A
pp! Ah 1.2 0.8 0.1
pp! ZH 3.6 2.7 0.4
Total 4.8 3.5 0.5
Set B
pp! Ah 0.9 0.6 0.09
Set C
pp! Ah 0.6 0.4 0.06
SM background 9.9 2.6 0.4
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To get the cross section we expect the detectors to
effectively measure we must multiply by the efficiency of
the reconstruction of a lepton pair and that of four jets.
These efficiencies depend on kinematical quantities like
pT and . We take an average value 0.8 for lepton pair
reconstruction efficiency (see pp. 72–92 and pp. 210–223
in Ref. [42]) and 0.9 for reconstruction efficiency of a jet
(see pp. 286–287 in Ref. [42]). We also require that at least
three of the jets are b tagged which gives an overall




3bð1 bÞ þ 4b;
where the b-tagging efficiency for single jet b  0:5 [42].
Putting it all together we get
eff ¼ 0:16: (108)
This equation is applicable for both the cross section and
the background. The effective signal and background cross
sections also appear in Table IV.
We have not computed the contribution due to the mis-
tagging of c jets or other light jets. This will decrease the
signal significance somewhat as mistagging is expected to
have an appreciable contribution only to the SM back-
ground and not the signal. This is because the signal cross
section is proportional to the square of the branching ratio
of h to the mistagged quarks but the branching ratio of h to
quarks other than b quarks is much smaller. In Ref. [41] the
signal and background cross sections for the process pp!
WH ! WðEmissT lÞAðb bÞAðb bÞ have been computed includ-
ing mistagging effects. A rough estimate of the cross
sections they obtain can be made from Fig. 5 in their paper.
Such an estimate shows that the background cross section
they obtain due to mistagged quarks is about a third of the
contribution due to correctly tagged b quarks. This mistag
background is highly dependent upon the details of detec-
tor performance issues that will be sorted out in the course
of the LHC runs. We do not expect the addition of these
backgrounds to substantively change the discovery capa-
bility that we have presented, especially since they are















FIG. 9. Invariant mass spectrum Mbb for the signal on top of
the SM background for the input parameters in set B (see
Table III), showing a peak at mh ¼ 70 GeV. The signal process
is pp! AðZhÞh! ZðlþlÞZb bb b. The cuts applied are those
in Eqs. (104)–(107) and the center of mass energy has been taken
to be 14 TeV. The reconstruction efficiency of the lepton pair and
the jets and the b-tagging efficiency have all been taken to be












FIG. 10. Invariant mass spectrum Mbb for the signal on top of
the SM background for the input parameters in set C (see
Table III), showing a peak at mh ¼ 100 GeV. The signal process
is pp! AðZhÞh! ZðlþlÞZb bb b. The cuts applied are those
in Eqs. (104)–(107) and the center of mass energy has been taken
to be 14 TeV. The reconstruction efficiency of the lepton pair and
the jets and the b-tagging efficiency have all been taken to be
unity at this stage.
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FIG. 8. The 4b invariant mass spectrum M4b for the signal on
top of the SM background for the input parameters in set A (see
Table III). Two processes contribute to the signal:
(1) pp!AðZhÞh!ZðlþlÞZb bb b and (2) pp!ZHðhhÞ!
ZðlþlÞZb bb b. The pp! ZHðhhÞ mode gives rise to a peak
at mH ¼ 120 GeV. We have smeared the 4b invariant mass
assuming an experimental resolution of 20% of mH (24 GeV
in this case) for the reconstructed peak. The cuts applied are
those in Eqs. (104)–(107) and the center of mass energy has been
taken to be 14 TeV. The branching ratio BðH ! hhÞ  1. The
reconstruction efficiency of the lepton pair and the jets and the
b-tagging efficiency have all been taken to be unity at this stage.
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VII. CONCLUSION AND DISCUSSION
In conclusion, we have argued that next generation
Higgs bosons should be viewed as generic possibilities in
string theory model building, and illustrated this viewpoint
with recent developments in string phenomenology. We
presented a generalized theorem for the structure of Higgs
couplings to SM fermions that automatically avoids prob-
lematic tree-level flavor-changing neutral currents that are
induced by new Higgs boson exchanges. Our viewpoint is
that the interaction rules of this theorem are too restrictive
to be satisfied without a principle. In the case of the two-
Higgs doublet model of supersymmetry, the principle is
holomorphy. Additional Higgs bosons added in any other
context, such as more Higgs doublet pairs in supersymme-
try or simply another Higgs boson in the SM, requires a
strong discrete symmetry or selection rule. This can be
contemplated within effective field theories, for example,
by !  Z2 symmetry, or within string theory by
algebraic selection rules that may not totally forbid the
unwanted couplings but can approximate zero, as was the
case in the work of [1].
Next we considered various constraints that these theo-
ries must face. For example, although tree-level flavor-
changing neutral currents induced by neutral Higgs ex-
changes may be satisfied, loop-level ones induced by the
charged Higgs boson may not be. The b! s transition is
quite constraining to exotic Higgses that get large vacuum
expectation values, since they steal vev from the Higgs that
couples to fermions, thereby raising those fermion Yukawa
coupling magnitudes to dangerous levels. Even normal
Cabibbo-Kobayashi-Maskawa mixings can create a too-
large amplitude shift in that case compared to what the
experiment allows, and therefore the parameter space is not
completely open and limits are derived on the exotic Higgs
vev as a function of the charged Higgs boson mass.
We computed the spectrum of Higgs boson states with a
next generation in the supersymmetric and nonsupersym-
metric context. Within supersymmetry we showed that
there is the prospect of slightly raising the tree-level
CP-even Higgs boson mass with respect to the MSSM in
the smaller tan region. The effects are largest when the
next generation Higgs boson has a large vacuum expecta-
tion value. The large Yukawa couplings that are present
when an exotic, fermiophobic Higgs doublet takes a large
vev can alter the domain of perturbativity of the theory. We
showed both in the SM context and the supersymmetry
context that the top quark Yukawa coupling could develop
a Landau pole well below the Planck scale. A low-scale
Landau pole would preclude the existence of a perturbative
theory description of unification at the high scale, and these
results must be taken into account when considering the
next generation of Higgs bosons.
Finally, we investigated the phenomenology of the ex-
otic Higgs sectors at the LHC. Multi-Higgs boson phe-
nomenology within supersymmetry is a mature topic;
however, the fermiophobic next generation Higgs boson
layer to the theory has not been considered in depth. The
salient new features are similar to SM phenomenology
with an additional fermiophobic Higgs doublet. Thus, we
discussed collider physics possibilities within that less
complex framework.
A particularly interesting possibility is the production of
hA at the LHC, followed by A! hZ. Assuming h is rather
light, say less than 150 GeV, we can expect the largest
branching fraction of h decays to be to b b. For good
distinction from background we can also demand the Z
decay to leptons lþl. Thus, the signal becomes 4bþ 2l.
Background becomes particularly limited when we require
at least three b-quark tags and the four jets reconstruct two
equal mass resonances. We propose that as a search strat-
egy for this case, and show that there are good prospects for
the LHC to find this signal. Discovery would be an indi-
cation of next generation Higgs bosons.
ACKNOWLEDGMENTS
We thank A. Ali, B. Campbell, H. Haber, G. Kane, J.
Kumar, S. Martin, M. Misiak, B. Ovrut, A. Pierce, J. Qian,
and F. Quevedo for helpful conversations. This work is
supported in part by CERN, the U.S. Department of Energy
and the European Commission under the contract ERC
advanced Grant No. 226371 ‘‘MassTeV’’.
[1] M. Ambroso, V. Braun, and B.A. Ovrut, J. High Energy
Phys. 10 (2008) 046.
[2] S. A. Abel and C. Munoz, J. High Energy Phys. 02 (2003)
010; N. Escudero, C. Munoz, and A.M. Teixeira, J. High
Energy Phys. 07 (2006) 041; Phys. Rev. D 73, 055015
(2006).
[3] K. Griest and M. Sher, Phys. Rev. Lett. 64, 135 (1990);
Phys. Rev. D 42, 3834 (1990); A. Aranda and M. Sher,
Phys. Rev. D 62, 092002 (2000).
[4] D. Atwood, L. Reina, and A. Soni, Phys. Rev. D 55, 3156
(1997).
[5] E. Lunghi and A. Soni, J. High Energy Phys. 09 (2007)
053.
[6] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).
[7] V. Lubicz et al. (UTfit Collaboration), Nucl. Phys. B, Proc.
Suppl. 163, 43 (2007).
[8] T. P. Cheng and M. Sher, Phys. Rev. D 35, 3484 (1987).
NEXT GENERATION HIGGS BOSONS: THEORY, . . . PHYSICAL REVIEW D 81, 055012 (2010)
055012-19
[9] P. Ball and R. Fleischer, Eur. Phys. J. C 48, 413 (2006).
[10] A. S. Joshipura and B. P. Kodrani, Phys. Rev. D 81,
035013 (2010).
[11] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
100, 101802 (2008).
[12] M.O. Bettler (LHCb Collaboration), arXiv:0908.4066.
[13] F. Mahmoudi and O. Stal, Phys. Rev. D 81, 035016 (2010).
[14] J. D. Wells, arXiv:0909.4541.
[15] Type I and type II Higgs doublet model ideas were
developed in the following papers with the terminology
set in the last: S. L. Glashow and S. Weinberg, Phys. Rev.
D 15, 1958 (1977); H. E. Haber, G. L. Kane, and T.
Sterling, Nucl. Phys. B161, 493 (1979); L. J. Hall and
M.B. Wise, Nucl. Phys. B187, 397 (1981).
[16] J. F. Gunion, H. E. Haber, G. Kane, and S. Dawson, The
Higgs Hunter’s Guide (Addison-Wesley, Reading, 1990).
[17] S. Su and B. Thomas, Phys. Rev. D 79, 095014 (2009).
[18] K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84, 228
(2000).
[19] L. Brucher and R. Santos, Eur. Phys. J. C 12, 87 (2000).
[20] P.M. Ferreira, R. Santos, and A. Barroso, Phys. Lett. B
603, 219 (2004); 629, 114(E) (2005); I. P. Ivanov, Phys.
Rev. D 75, 035001 (2007); 76, 039902(E) (2007); M.
Maniatis, A. von Manteuffel, O. Nachtmann, and F.
Nagel, Eur. Phys. J. C 48, 805 (2006).
[21] N. G. Deshpande and E. Ma, Phys. Rev. D 18, 2574
(1978); B.M. Kastening, arXiv:hep-ph/9307224; J. F.
Gunion and H. E. Haber, Phys. Rev. D 67, 075019
(2003); I. F. Ginzburg and I. P. Ivanov, arXiv:hep-ph/
0312374.
[22] J. L. Diaz-Cruz and A. Mendez, Nucl. Phys. B380, 39
(1992).
[23] For a different approach see A. Barroso, P.M. Ferreira,
and R. Santos, Phys. Lett. B 652, 181 (2007).
[24] V. D. Barger, J. L. Hewett, and R. J. N. Phillips, Phys. Rev.
D 41, 3421 (1990).
[25] E. Barberio et al. (Heavy Flavor Averaging Group
Collaboration), arXiv:0704.3575.
[26] M. Misiak et al., Phys. Rev. Lett. 98, 022002 (2007).
[27] S. de Visscher, J.M. Gerard, M. Herquet, V. Lemaitre, and
F. Maltoni, J. High Energy Phys. 08 (2009) 042.
[28] S. Bertolini, Nucl. Phys. B272, 77 (1986).
[29] S. Schael et al. (ALEPH Collaboration, DELPHI
Collaboration, L3 Collaboration, and OPAL
Collaboration), Eur. Phys. J. C 47, 547 (2006).
[30] J. Abdallah et al. (DELPHI Collaboration), Eur. Phys. J. C
38, 1 (2004).
[31] J. Abdallah et al. (DELPHI Collaboration), Eur. Phys. J. C
34, 399 (2004).
[32] CDF Collaboration, CDF Report No. 9322, 2008.
[33] V. D. Barger, M. S. Berger, and P. Ohmann, Phys. Rev. D
47, 1093 (1993).
[34] W. Grimus and L. Lavoura, Eur. Phys. J. C 39, 219 (2005).
[35] C. F. Kolda, Ph.D. thesis, University of Michigan, 1995.
[36] H. Baer, J. Ferrandis, K. Melnikov, and X. Tata, Phys. Rev.
D 66, 074007 (2002).
[37] A. Barroso, L. Brucher, and R. Santos, Phys. Rev. D 60,
035005 (1999).
[38] J. Alwall et al., J. High Energy Phys. 09 (2007) 028.
[39] ATLAS Collaboration, Report No. CERN-LHCC-99-14,
1999; ATLAS Collaboration, Report No. CERN-LHCC-
99-15, 1999; E. Richter-Was, Acta Phys. Pol. B 31, 1931
(2000); 31, 1973 (2000); M. Sapinski and D. Cavalli, Acta
Phys. Pol. B 32, 1317 (2001).
[40] K. Cheung, J. Song, and Q. S. Yan, Phys. Rev. Lett. 99,
031801 (2007).
[41] M. Carena, T. Han, G. Y. Huang, and C. E.M. Wagner, J.
High Energy Phys. 04 (2008) 092.
[42] ATLAS Collaboration, arXiv:0901.0512.
RICK S. GUPTA AND JAMES D. WELLS PHYSICAL REVIEW D 81, 055012 (2010)
055012-20
